Objective: Macrophage inhibitory cytokine-1 (MIC-1) belongs to the transforming growth factor (TGF)-b superfamily, and has been reported to be involved in energy homoeostasis and weight loss and to have anti-inflammatory properties. We hypothesized that decreased concentrations of MIC-1 would be associated with higher risk of developing type 2 diabetes. Design and methods: We designed a nested case-control study within the Whitehall II cohort and measured serum concentrations of MIC-1 by ELISA in 180 individuals without type 2 diabetes at baseline who developed type 2 diabetes during the follow-up period of 11.5G3.0 years and in 372 controls frequency-matched for age, sex, and body mass index with normal glucose tolerance throughout the study. Results: MIC-1 concentrations at baseline were higher in cases (median (25/75th percentiles) 537.1 (452.7-677.4) pg/ml) than in controls (499.7 (413.8-615.4) pg/ml; PZ0.0044). In the age-and sex-adjusted model, a 1-S.D. increase in MIC-1 (206.0 pg/ml) was associated with an odds ratio (95% confidence interval) of 1.21 (0.997; 1.46; PZ0.054) for type 2 diabetes. Adjustment for waist circumference, cardiovascular risk factors, socioeconomic status, proinflammatory mediators, and glycemia abolished the association. Conclusions: Baseline MIC-1 concentrations were increased, not decreased, in individuals before type 2 diabetes manifestation, but not independently associated with incident type 2 diabetes in multivariable analyses. This upregulation of MIC-1 could be part of an anti-inflammatory response preceding the onset of type 2 diabetes, which has been described before for interleukin-1 receptor antagonist and TGF-b1.
Introduction
Serum levels of several pro-and anti-inflammatory cytokines are elevated in individuals who will subsequently develop type 2 diabetes (1, 2), and so far adiponectin is the only adipokine for which an inverse association of serum levels with risk for type 2 diabetes has been described (3) . Macrophage inhibitory cytokine-1 (MIC-1), a member of the transforming growth factor (TGF)-b superfamily (4) , has emerged as a candidate anti-inflammatory link due to its regulatory role in energy homoeostasis with elevated levels being associated with weight loss (5) . MIC-1 is expressed in several tissues throughout the body including liver, kidney, and adipose tissue (6) . Although MIC-1 is expressed in adipose tissue and secreted from adipocytes, an inverse correlation between MIC-1 gene expression and measures of obesity has been reported (6) . Basic physiological research also points to an inverse association between proinflammatory cytokines and MIC-1. MIC-1 gene expression is downregulated by leptin and interleukin (IL)-1b, whereas MIC-1 increases the release of adiponectin from adipocytes (6) , and attenuates lipopolysaccharide-induced tumor necrosis factor-a release from macrophages (4) . Macrophages have been implicated in different aspects of diabetes development. Several studies reported an increased number of macrophages in pancreatic islets from patients with type 2 diabetes (7) and in adipose tissue of obese individuals (8) (9) (10) as well as higher activation of peripheral blood monocytes in patients with poorly controlled diabetes (11) . Activated macrophages secrete proinflammatory and chemotactic cytokines and chemokines that can impair b-cell function and adipocyte insulin sensitivity, and stimulate further activation and infiltration of monocytes into these tissues (1) .
Data from prospective studies on MIC-1 and risk for type 2 diabetes are not yet available. A small crosssectional study recently reported elevated, not decreased, serum levels of MIC-1 in obesity and type 2 diabetes (12). However, based on the aforementioned reports that pointed toward anti-inflammatory properties of MIC-1, we hypothesized that MIC-1 could be regulated in a similar manner as adiponectin, and that increased serum concentrations would be associated with decreased risk for type 2 diabetes. The aims of this study were to examine the relationship of MIC-1 serum concentration with anthropometric, metabolic, and inflammatory variables and to characterize its association with incident type 2 diabetes.
Methods

Study design
The presented data are from a nested case-control study within the Whitehall II cohort. The Whitehall II study started in 1985 and included 10 308 civil servants aged 35-55 years in phase 1 (1985) (1986) (1987) (1988) . A detailed description of the cohort profile was given previously (13) .
The baseline for the current study was phase 3 (nZ7537) (1991) (1992) (1993) (1994) as this was the first phase including a 75 g oral glucose tolerance test (OGTT). In phases 4-8, participants were followed through postal questionnaires at w2.5-year intervals. Clinical examinations including an OGTT were additionally performed at phases 3, 5, and 7.
All participants selected for the current nested case-control study (nZ552) were diabetes free at baseline (phase 3). Individuals who developed type 2 diabetes during the follow-up period of 11.5G3.0 years served as cases (nZ180). Controls (nZ372) with normal glucose tolerance at baseline and during follow-up were frequency-matched to cases for age (5-year bands), sex, and body mass index (BMI; 5 kg/m 2 bands). The study population is slightly smaller than the sample from a previous report (2) as no serum for MIC-1 assays was available for seven study participants.
Individuals with prevalent or incident cardiovascular disease, incident coronary heart disease, self-reported longstanding inflammatory illness, recent inflammatory symptoms, anti-inflammatory medication, and/or non-white ethnicity were excluded.
Experimental and statistical analyses
Serum concentrations of MIC-1 (growth differentiation factor-15, GDF-15) were measured with the Quantikine Human GDF-15 Immunoassay kit (R&D Systems, Wiesbaden, Germany). Mean intra-assay and interassay coefficients of variation were 2.7 and 3.3% respectively. The limit of detection was 23.4 pg/ml. All samples gave values above the limit of detection.
Univariate associations of MIC-1 with anthropometric, metabolic, and immunological variables were estimated using linear regression. Logistic regression was used to assess the association between MIC-1 levels, possible covariates and incident type 2 diabetes. Results are given as odds ratios (OR) and corresponding 95% confidence intervals (95% CI). For all statistical analyses, P!0.05 was considered to be statistically significant. All statistical analyses were performed with the statistical computer software SAS (version 9.2, SAS Institute, Cary, NC, USA).
Results
Study population
Characteristics of an almost identical study population have been described before (2), and baseline characteristics of participants stratified in controls (nZ372) and cases (nZ180) are shown in Supplementary Table 1 (see section on supplementary data given at the end of this article). Cases had higher waist circumference (men only), blood pressure, serum levels of fasting triglycerides, fasting and 2-h glucose as well as fasting insulin, higher serum concentrations of MIC-1, IL-1Ra and C-reactive protein (CRP) compared with the controls. Moreover, cases had lower insulin sensitivity, and were more frequently on antihypertensive medication.
Cross-sectional associations of MIC-1 with anthropometric, metabolic, and immunological variables
Age showed a strong positive association with serum MIC-1 concentrations, and weaker associations were present with BMI, waist circumference, blood pressure, total cholesterol, and fasting triglycerides (Table 1) . Fasting insulin and homeostasis model assessment of insulin resistance were positively associated with MIC-1, whereas neither fasting nor 2-h blood glucose was associated with MIC-1. Regarding pro-and antiinflammatory immune mediators, CRP, IL-6, and IL-1Ra, but not adiponectin, showed a positive association with MIC-1. In subanalyses, associations tended to be stronger among cases than controls. Table 2 shows the association between circulating concentrations of MIC-1 and incident diabetes. MIC-1 concentrations at baseline were higher in cases (median 537.1 pg/ml (25-75th percentiles 452.7-677.4)) than in controls (499.7 (413.8-615.4); PZ0.0044). In the age-and sex-adjusted model, the association between a 1-S.D. increase of MIC-1 (206.0 pg/ml) and increased risk for type 2 diabetes was borderline significant (OR (95% CI) 1.21 (0.997; 1.46)). Additional adjustment for waist circumference, cardiovascular risk factors, socioeconomic status, proinflammatory mediators, or glycemia abolished the association.
MIC-1 and incident diabetes
Discussion
Our nested case-control study within the Whitehall II study is the first prospective investigation of the association between MIC-1 serum concentrations and incident type 2 diabetes. We found that MIC-1 levels were significantly higher in individuals who subsequently developed type 2 diabetes than those who remained diabetes free. However, there was only a borderline significant association between MIC-1 and incident type 2 diabetes after adjustment for age and sex, which was further attenuated after adjustment for waist circumference, cardiovascular risk factors, socioeconomic status, proinflammatory mediators, Employment grade is coded in six classes running from 1 (highest grade) to 6 (lowest grade). Table 1 Association between baseline serum macrophage inhibitory cytokine-1 (log 2 transformed) and anthropometric, metabolic, and immunological variables. MIC-1 and type 2 diabetes (Whitehall II study) and glycemia. This reduction in the effect size is in line with the positive associations we observed between MIC-1 and potential confounders which are known risk factors for type 2 diabetes.
Our main finding does not support the hypothesis that MIC-1 could be, through its anti-inflammatory effects, a protective cytokine against the development of type 2 diabetes. Our data extend current knowledge on the role of MIC-1 in the development of type 2 diabetes. So far, there is only one report from a small crosssectional study including 54 women that reported increased concentrations of MIC-1 in patients with type 2 diabetes (12). Due to its cross-sectional design, it could not exclude the possibility that elevated concentrations of MIC-1 were a consequence and not a cause of type 2 diabetes. We demonstrate that MIC-1 is already increased over 11 years before the manifestation of type 2 diabetes.
MIC-1 may be a part of a counterregulatory, antiinflammatory response which is independently regulated from adiponectin. We used the same study sample before to show that serum levels of the antiinflammatory cytokine IL-1Ra were elevated before the diagnosis of type 2 diabetes (2). The concept of the presence of an anti-inflammatory counterregulation before type 2 diabetes is further supported by data from the MONICA/KORA study that demonstrates an association between elevated serum levels of the anti-inflammatory and immunosuppressive cytokine TGF-b1 and increased risk of type 2 diabetes (14) . Taken together, these findings regarding type 2 diabetes should be seen in context with the general regulatory principle in inflammation that in acute conditions, proinflammatory stimuli at the beginning of the process induce anti-inflammatory mediators in order to resolve inflammation (15) . In individuals with an increased risk for type 2 diabetes, a chronic state of immune activation can be found. The concomitant and persistent upregulation of both pro-and anti-inflammatory cytokines in these individuals may reflect their inability to efficiently counterregulate inflammatory stimuli (16) .
Our data indicate that despite higher levels in cases than in controls in the unadjusted analysis, MIC-1 by itself is not associated with the risk for type 2 diabetes independently of established risk factors. It is interesting to note that circulating levels of MIC-1 have been found to be independent predictors of cardiovascular events and mortality (17) (18) (19) . There are some putative explanations why our findings were contrary to our hypothesis. In the study by Johnen et al. (5) , the association between higher MIC-1 and lower BMI was consistent across several mouse models, whereas associations with low BMI and weight loss in man were detected in patient samples with prostate cancer or chronic renal failure which clearly differ from our study population of initially healthy middle-aged men and women. Moreover, we did not confirm the previously observed inverse correlation between MIC-1 gene expression and BMI (6) . However, this finding was based on measurements with MIC-1 mRNA in adipose tissue from small study samples with a very wide BMI range (w20-80 kg/m 2 ), whereas our data represent a much lower average BMI. In addition, we measured MIC-1 protein concentrations in the circulation which we believe to be an integrated measure of MIC-1 secretion and turnover in many body tissues.
Our study has several limitations and strengths. Point estimates and CIs are derived from non-weighted data from a nested case-control study and therefore, statistical inferences based upon them may be restricted and may not represent the best available estimate within the context of the original cohort. Furthermore, the cohort consists of employees of the British Civil Service who were mainly male and middle-aged. However, this is, to the best of our knowledge, the first prospective study to analyze whether MIC-1 serum levels were associated with incident type 2 diabetes. In addition, our analyses are based on a wellphenotyped cohort.
In conclusion, we found that increased MIC-1 levels were not independently associated with incident type 2 diabetes, although MIC-1 levels were elevated in individuals before type 2 diabetes manifestation in the unadjusted analysis.
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